The aim of this experiment was to demonstrate whether histamine and histidine decarboxylase (HDC) contribute to mucosal repair in small intestine subjected to ischemia-reperfusion (1/ R). The superior mesenteric artery was occluded for 15 min followed by reperfusion. In jejunal mucosa, histamine content and HDC activity increased after I/R. Histamine output in mesenteric lymph was also elevated after I/R. These increases in HDC activity, and mucosal and lymph histamine levels were suppressed by pretreatment of a-fluoromethylhistidine (a-
Introduction
The pharmacological actions of histamine have been extensively characterized and antagonists of the autacoid are widely used in the treatment of disease (1) . Although much is known about the importance of histamine in different pathological conditions, there is considerable uncertainty concerning the physiological function ofhistamine. Recently, it has been demonstrated that histamine may act as a neurotransmitter in the central nervous system (2) (3) (4) . Synthesis and release of this non-mast cell histamine are controlled by the enzyme histidine decarboxylase (HDC)' (2) (3) (4) (5) (6) , and the histamine synthe- sized by this process is rapidly secreted rather than stored in the cell (2) (3) (4) (5) (6) . The latter characteristic regarding histamine liberation from non-mast cells differs from that observed in mast cells, which store histamine and release the autacoid when the cells are stimulated.
Kahlson and Rosengren (6, 7) proposed that newly synthesized histamine in non-mast cells may play an important role in the modulation of tissue growth. HDC activity is markedly stimulated in rapidly proliferating tissues, including fetal tissues from rats and mice (6) , tissues undergoing repair (6) , mouse skin after application of tumor promoter (8) , liver regeneration after hepatectomy (6, 9) , and in experimental tumors (7, 10) . Furthermore, exogenous histamine stimulates proliferation of human carcinoma and melanoma cells (11, 12) , rat mesentery (13) , and rat astroglial cells (14) in culture.
In the small intestine, several physiological actions ofhistamine have been clearly demonstrated, i.e., the autacoid appears to influence electrolyte transport ( 15) , microvascular permeability (16) , and intestinal motility (17) . There is also some evidence which indicates that histamine may participate in the process ofintestinal proliferation. For example, exogenous histamine administration results in an increase in mitosis of rat jejunal epithelial cells (18) . Nonetheless, it remains unclear whether histamine contributes significantly to the intestinal growth and repair that is observed after the small intestine has been injured.
It is well recognized that the small intestine is extremely sensitive to deleterious effects of ischemia-reperfusion (I/R) (19) . We have recently demonstrated that occlusion ofthe superior mesenteric artery (SMA) for 10-20 min, followed by reperfusion, results in a significant reduction of the ability of the small intestine to assimilate dietary lipid at 24 h after reperfusion (20) . However, this decrement in mucosal function is no longer observed at 48 h after I/R. We hypothesize that HDC and histamine play a pivotal role in tissue repair and restoration of mucosal function observed after I/R and that this beneficial action of histamine is mediated by ornithine decarboxylase (ODC), an enzyme regulates intestinal growth and repair (21) (22) (23) . To test this hypothesis, we conducted experiments to determine whether (a) mucosal HDC activity and histamine content increase after I/R; (b) the restoration of normal lipid transport at 48 h after I/R is prevented in animals pretreated with a-fluoromethylhistidine (a-FMH), a suicide inhibitor of HDC (24) ; and (c) the increase in mucosal ODC activity, normally elicited by I/R (25) Surgery. Rats were fasted overnight. Under halothane anesthesia, a laparotomy was performed. The SMA was occluded for 15 min with a micro-bulldog clamp. At the end ofthe ischemic period, the clamp was released and a few drops of 2% lidocaine were applied directly on the SMA to facilitate reperfusion. In the sham-operated controls, the SMA was isolated in a similar fashion but was not occluded. In both groups of animals, the intestinal lymph duct was cannulated and a silicone infusion tube (O.D. 1.6 mm) was introduced 2cm down the duodenum through the fundus of the stomach (26) .
Postoperative care. Postoperatively, the animals were infused intraduodenally at 3 ml/h with a saline solution containing 145 mM NaCl, 4 mM KCl, and 0.28 M glucose. The animals were allowed to recover in restraining cages kept in a temperature-regulated box (30'C) (26).
Experiment 1: histamine content, HDC activity, and diamine oxidase (DAO) activity in intestinal mucosa after I/R Procedure. I/R rats receiving vehicle (physiological saline) were sacrificed at 0, 1, 6, 24, and 48 h after the ischemic episode. Five or six rats were used in each group. Due to limited availability of a-FMH, only one group of a-FMH treated I/R rats were studied at 6 h after I/R. It should be emphasized that even at 6 h after I/R, neither HDC activity nor histamine content was elevated in the intestinal mucosa of the a-FMH treated rats. Under halothane anesthesia, a blood sample obtained from the abdominal aorta was dispensed into precooled tubes containing heparin and then centrifuged to separate the plasma for determination ofhistamine and DAO activity. Jejunal mucosa was also obtained by scraping with a glass slide over an ice-cold glass plate for determination of histamine content, HDC activity, and DAO activity.
Histamine assay. Mucosal scrapings (100 mg wet wt) were homogenized in 300 Ail of0.2 M perchloric acid. The homogenates were centrifuged at 10,000 g for 30 min at 4°C. The protein-free supernatant was then used for the determination of histamine content by the HPLC method previous described (27) . The lymph and plasma samples were also treated with the perchloric acid mixture and the clear supernatant after centrifugation was also used for histamine determination.
HDC assay. Mucosal scrapings (100 mg wet wt) were homogenized in I ml of 0.1 M PBS (pH 6.8), containing 0.2 mM dithiothreitol, 0.01 mM pyridoxal 5' phosphate, 0.01 mM aminoguanidine, 33 mM of polyethylene glycol (mol wt 300) and 0.1 mM PMSF (8) . After homogenization and centrifugation (10,000 g for 30 min at 4°C), the sample was dialyzed twice at 4°C against 100 vol of PBS. The dialyzed sample (180 Ml) was then incubated with 20 Al of 2.5 mM L-histidine at 37°C for 200 min. For the sample blank, the dialyzed sample was incubated with 20 Ml of 2.5 mM L-histidine and 1 mM a-FMH. The reaction was terminated by adding 10 Ml of 6 M perchloric acid. After briefcentrifugation, the content ofhistamine was measured using HPLC (27) . L-Histidine was purified before use. Purification of histidine involved dissolving 20 g of histidine in 20 ml of 2N NaOH. Concentrated HC1 was added to adjust the pH to 5, which resulted in the precipitation of histidine. The histidine precipitate was filtered, washed twice with 10 ml of water, and dried in a desiccator. DAO assay. To assay DAO activity, [1,4- (20, 26) . The PBS contained 6.75 mM Na2HPO4, 16 .5 mM NaH2PO4, 115 mM NaCl, and 5 mM KCl. The emulsion was infused intraduodenally at 3 ml/h for 8 h.
Preparation ofemulsion. On the day ofthe experiment, appropriate amounts of stock lipid solutions were mixed. Solvent was evaporated under a stream of nitrogen. Sodium taurocholate, dissolved in PBS, was then added to make up to the required lipid concentration, and the mixture was sonicated. Samples of the infusate were analyzed for triglyceride content and radioactivity at the beginning and end of infusion (reproducibility±5%).
Collection of lymph, luminal, and mucosal samples. Lymph was collected into precooled tubes for 1 h before the lipid infusion was begun. This sample represented the fasting lymph sample. Additional lymph samples were collected at 2, 4, 5, 6, 7, and 8 h after the beginning of lipid infusion. At the end of lipid infusion, the animal was anesthetized and the portal blood was collected. The rats were killed by exsanguination, the liver was removed, and the stomach and colon were excised separately after tying both ends with care to prevent leakage of luminal contents. The small intestine was divided into four segments of equal length. The luminal contents of each segment were rinsed with three washes of 10 mM sodium taurocholate. The radioactive lipid recovered in the luminal contents represented the lipid that was infused but not yet absorbed by the small intestine. The lipid from each intestinal segment and the liver was then extracted (26) . The (30) . Differences were considered significant ifthe probability ofthe difference occurring by change was less than 5 in 100 (P < 0.05).
Results
Experiment 1: effects of IIR on histamine content, HDC activity, and DAO activity in intestinal mucosa Histamine content in rat jejunal mucosa (pretreated with vehicle) after I/R is shown in Fig. 1 A. Histamine content did not change up to 1 h after I/R. Mucosal histamine in jejunum increased significantly 6 h after I/R as compared to the value observed before I/R (P < 0.01). This increase was not observed in sham-operated rats even at 6 h after surgery (22.0±2.1 nmol/ g wet wt of mucosa). The increase in mucosal histamine content observed in I/R rats returned to preischemic values at 24 and 48 h after I/R. In contrast to mucosal histamine in jejunum, plasma histamine level did not change significantly after ischemia (data not presented).
HDC activity and DAO activity in the jejunum of rats pretreated with vehicle are shown in Fig. 1 , B and C, respectively. HDC activity did not increase immediately after ischemia but was markedly elevated (three times) 1 h after I/R (P < 0.05) when compared with the preischemic values. HDC activity was elevated throughout the 48-h period after the ischemic episode (P < 0.05 for each). The HDC activity was not elevated in sham-operated rats at 6 h after surgery (24.1±5.1 fmol histamine formed/min per mg mucosal protein). DAO activity in the intestinal mucosa did not change significantly before and after the ischemic episode (Fig. 1 C) . DAO activity in plasma also did not change either before or after ischemia (data not presented).
The effects ofa-FMH on histamine content and HDC activity in the mucosa of the I/R rats are summarized in Table I . In h after I/R (P < 0.01 for each), but returned to the sham-operated control level at 48 h after I/R. a-FMH pretreatment totally abolished the increase in lymphatic histamine output in I/R rats (P < 0.01 compared to I/R rats treated with vehicle). In contrast to HDC, both I/R and a-FMH had no effect on DAO activity in mesenteric lymph (Table II) .
One potential source ofthe increase in lymphatic histamine was from mucosal mast cell degranulation. A specific protease marker for the mucosal mast cell is RMCP II (29, 31, 32) . The concentration of RMCP II in lymph was measured by ELISA.
As shown in Table III , the RMCP II output in mesenteric lymph did not change significantly in the vehicle pretreated or the a-FMH pretreated animals after I/R. Thus, the increase in lymphatic histamine after I/R was not due to the degranulation of the mucosal mast cells. The RMCP II concentration in systemic blood also remain unchanged after I/R (data not presented).
Experiment 3: effect ofa-FMH on lymphatic transport ofdietary lipid after I/R Lipid output in mesenteric lymph. Because the lymph flow rates
were not different between four tested groups at 24 h after surgery, the data is not presented. All four groups had comparable lymph flow rate during fasting 2-2.5 ml/h. After lipid infusion in all four groups, lymph flow rates increased and reached a steady output of -3.5 ml/h during the 6-8 h of lipid infusion. The lymphatic radioactive lipid output (expressed as percent of radioactive lipid infused per hour) at 24 h after I/R is shown in Fig. 3 . The lymphatic radioactive lipid output in the sham-operated controls (pretreated with vehicle or a-FMH) increased as a result of lipid infusion and reached a steady output during the sixth, seventh, and eighth h of -75% of the hourly infused radioactive lipid. As expected, the lymphatic radioactive lipid output of I/R animals (pretreated with vehicle) was markedly depressed as compared to the sham-operated controls (P < 0.01). Pretreatment with a-FMH did not lead to a further depression in lymphatic radioactive lipid transport in I/R animals yet the output in this group was significantly lower than that observed in sham-operated controls (P < 0.01). These results indicate that a-FMH per se had no effect on lipid output at 24 h after I/R. Fig. 4 summarizes the lymphatic radioactive lipid output data observed at 48 h after surgery. The lymph flow responses after lipid feeding were not different among the four groups of rats (data not shown). Lymph lipid output increased after fat feeding in both groups of sham-operated controls (with vehicle or with a-FMH) and reached a steady output of -75% of the radioactive lipid infused hourly. In I/R rats pretreated with vehicle, lymphatic radioactive lipid output was nearly identical to the outputs observed in the two groups of sham-operated controls. This data is consistent with our previous finding that the depressed lymphatic radioactive lipid transport induced by I/R is restored to normal at 48 h (20) . This restoration of normal lymphatic lipid transport in I/R animals was not observed in animals pretreated with a-FMH. Consequently, the lymphatic radioactive lipid output was significantly lower in I/R rats receiving a-FMH than the other three groups and the differences were statistically significant for all time points (P < 0.01). These data clearly indicate the importance of HDC and histamine in the restoration of normal lymphatic lipid transport after I/R induced injury. Distribution ofradioactive lipid in lymph, lumen, and mucosa. Fig. 5 summarizes the radioactive lipid recovery data from rats studied at 24 and 48 h after surgery. Recovery of radioactive lipid is expressed as percent of total radioactive lipid infused. As shown in Fig. 5 , there was a significant reduction in the recovery of radioactive lipid in lymph of both vehicle and a-FMH pretreated I/R rats when compared to shamoperated controls at 24 h after the surgery (P < 0.01 for both comparisons). A significant difference in lymphatic radioactive lipid recovery was not observed between the two I/R groups.
Lymphatic radioactive lipid output was restored to normal in I/R rats pretreated with vehicle at 48 h after reperfusion (Fig.   5 ). However, pretreatment with a-FMH prevented the restoration oflymphatic radioactive lipid output normally observed at 48 h after I/R. No significant differences in luminal and mucosal radioactive lipid recoveries were observed among the different groups studied both at 24 and 48 h after surgery, indicating that the digestion and uptake ofdietary lipid were not different between these experimental groups. However, it should be noted that the amount of radioactive lipid recovered in the mucosa ofthe 100 r O -75 J . various groups was 25%, which is twice that observed in our previous study (20) . This difference resulted from the higher (twice) dose of radioactive triolein used in the present study. The higher dose oftriolein was used to determine ifdecrement in lymphatic lipid transport induced after I/R was limited only to the proximal quarter of the small intestine. Unlike in previous studies (20) , in which mucosal lipid was largely confined to the proximal quarter of small intestine, mucosal radioactive lipid in the present study was recovered in both the first and second quarters of small intestine in all groups (data not presented). The distribution of luminal radioactive lipid was simi- (20) , we demonstrated that there was increased portal transport of the radioactive lipid infused in I/R animals at 24 h, but not 48 h, after I/R as compared to the sham-operated controls. We also determined the radioactive lipid appearing in liver. As shown in Table IV , radioactive lipid recovery in liver and portal blood of I/R animals (receiving either vehicle or a-FMH) was markedly elevated as compared to the 24-h sham-operated controls and the differences were statistically significant (P < 0.05 for both comparisons). This elevated portal transport of radioactive fat and the increased hepatic radioactive fat content were restored to sham-operated control levels at 48 h after ischemia in the I/R animals pretreated with vehicle. In contrast, pretreatment with a-FMH prevented the reductions in portal radioactive fat transport and hepatic radioactive fat content observed at 48 h after ischemia. Consequently, both portal radioactive fat transport and hepatic radioactive fat content were significantly higher in the I/R + a-FMH animals than in the other three groups at 48 h after surgery (P < 0.05 for all the three comparisons). Experiment 4: effects of a-FMH on ornithine decarboxylase activity after I/R ODC activity in jejunal mucosa 6 h after I/R is shown in Table   V . 6 h was chosen because we previously found that ODC activity in the mucosa reached the highest level at 6 h after I/R (25) . Before I/R, ODC activity did not differ significantly between rats treated with either vehicle or a-FMH. ODC activity increased markedly in rats pretreated with vehicle and was 20-fold higher at 6 h after I/R than the level observed in rats before I/R (P < 0.01). This elevation ofjejunal mucosal ODC activity was attenuated by pretreatment with a-FMH and the elevation of mucosal ODC activity in this group was significantly less than in I/R animals pretreated with vehicle (P < 0.01). However, mucosal ODC activity in I/R animals pretreated with a-FMH was still significantly higher than the level observed before the ischemic insult (P < 0.05). Thus, our results indicate that while a-FMH attenuates the elevation of mucosal ODC induced by I/R, it did not completely abolish this response. 
Discussion
The aims of the present experiments were twofold. First, we sought to demonstrate whether mucosal HDC activity and histamine may play a role in the restoration of mucosal function in intestine subjected to I/R. Second, we determined whether any histamine-mediated response to I/R involves the mucosal enzyme, ODC. The results obtained from four separate series of experiments indicate that HDC and histamine contribute significantly to the repair process that is elicited in the first 48 h after reperfusion of the ischemic bowel. Our findings also indicate that the beneficial action of histamine is mediated, at least in part, by the first rate-limiting enzyme in polyamine biosynthesis, i.e., ODC.
A well-documented source of mucosal histamine is that found in the mast cells residing in the lamina propria of the intestinal mucosa (33, 34) . Mast cells are known to store histamine and to discharge the autacoid and-numerous other biogenic compounds upon activation by immunologic or nonimmunologic stimuli (31) (32) (33) (34) . Histamine is also systhesized by cells other than mast cells (6, 7) . Virtually all of mammalian organs studied exhibits some HDC activity, including the gastrointestinal tract (35) , however, the identity of the cell that produce non-mast cell histamine in the small intestine has not been clearly established. Nonetheless, it is now well recognized that the histamine produced in the gut mucosa is either rapidly cleared by blood and lymph or it is degraded either by diamine oxidase, an enzyme present in intestinal epithelium (36, 37) , or by a methylation reaction to form methylhistamine (36) . Thus, at any given moment, mucosal histamine content does not necessarily reflect the rate of histamine formation because the quantity of the autacoid is also determined by clearances via blood and lymph and its rate of degradation. A more accurate index of mucosal histamine formation is the activity of HDC, which is the enzyme that leads to the formation of non-mast cell histamine.
One objective of the present study is to determine whether HDC activity and histamine content in rat intestinal mucosa and mesenteric lymph are altered in response to I/R. We observed that mucosal HDC activity was markedly elevated over a 48-h period after a 15-min occlusion of the SMA. This data indicates that I/R results in either an induction of mucosal HDC activity or removal of endogenous factors that act to inhibit basal HDC activity. Either mechanism would result in increase histamine synthesis and consequently increase content of the autacoid in intestinal mucosa. The mucosal histamine data are corroborated by our findings on lymphatic histamine output, which was elevated at 1-3 h after I/R and it remained elevated for up to 24 h. However, it should be noted Histamine, Histidine Decarboxylase, and Mucosal Repair that mucosal HDC activity was elevated for the entire 48 h after I/R, whereas both mucosal histamine content and lymph histamine output returned to preischemic levels within 48 h after I/R. This apparent discrepancy between mucosal HDC activity and histamine content may be explained by an imbalance between the rates of histamine synthesis and degradation which favors the former during the early period after reperfusion.
Histamine has been implicated in the modulation of tissue growth in a variety of experimental models. The increase in mucosal histamine content, lymph histamine output, and mucosal HDC activity observed in our study would therefore suggest that HDC and histamine play a role in the recovery of mucosal function after I/R. To address this possibility, we employed a-FMH, which is a specific suicide inhibitor of HDC. It is well known that this inhibitor decreases histamine synthesis, while not affecting secretion of the histamine stored in mast cells, which is secreted only when the cells are exposed to specific stimuli (3, 6, 34, (38) (39) (40) (41) . It has been demonstrated that i.p. injection of a-FMH (50-100 mg/kg body wt) reduces HDC activity and histamine content in brain and stomach ofrats and mice (2, (38) (39) (40) (41) . Based on this finding, rats in the present experiments were pretreated with a-FMH (100 mg/kg body wt i.p.) twice daily for 6 d before surgery and also during the day of the experiment. The inhibitor decreased mucosal HDC activity to 20% ofthe value observed in vehicle-treated animals. The potency of a-FMH was further illustrated by its effect on mucosal histamine content (decreased by 37%) and histamine output in lymph (decreased by 59%). In addition, the marked increases in mucosal HDC activity and histamine content normally observed after I/R were completely abolished by a-FMH.
Rats pretreated with a-FMH exhibited a depressed lymphatic lipid output at 48 h after I/R insult, which is a time at which lipid output is restored to normal in untreated animals. a-FMH per se had no effects on lipid transport at 48 h in sham-operated rats, which indicates that the drug does not exert a nonspecific action on the mucosa. Furthermore, the I/R rats pretreated with a-FMH had a similar amount of radioactive lipid transported in lymph at 24 h after reperfusion as the I/R rats pretreated with vehicle, indicating that a-FMH does not enhance the injury caused by I/R. Overall, these data indicate that the recovery of intestinal lipid transport after I/R requires an increase in mucosal HDC activity and histamine content, both of which are prevented by a-FMH.
In a previous study (20) we have demonstrated that the reduction in lymphatic lipid transport caused by I/R does not result from inadequate digestion or uptake ofthe infused lipid, inasmuch as the amount of radioactive lipid remaining in the intestinal lumen is similar in I/R-and sham-operated controls. We have also demonstrated that the decrease in lymphatic lipid output is associated with an increased portal transport ofradioactive fatty acid. The latter observation was confirmed in the present study, i.e., I/R rats with decreased lymphatic lipid transport exhibited corresponding increases in portal lipid transport and hepatic lipid content. The increased portal transport of radioactive lipid was also observed in rats pretreated with a-FMH, which further supports the view that HDC and histamine play an important role in the repair ofthe small intestinal epithelium after I/R.
Another objective of this study was to determine whether the beneficial actions ofhistamine in the postischemic intestine are mediated by ODC. It is well known that ODC is involved in the repair of the gastrointestinal mucosa after injury (21) (22) (23) . We have previously demonstrated that mucosal ODC activity is markedly elevated in the postischemic rat intestine (25) . In the present study, we observed that the I/R-induced increase in mucosal ODC activity was markedly attenuated by a-FMH treatment. Watanabe et al. (8) and Batholeyns and Bouclier (10) have reported that the enzyme activities ofODC and HDC do not overlap in vitro and that a-FMH exerts no effect on ODC activity in vitro, indicating that a-FMH inhibits HDC but not ODC. Thus, our observation that a-FMH blunts the I/R-induced increase in intestinal ODC activity suggests that histamine mediates the I/R-induced changes in ODC activity.
Such a relationship between histamine and ODC activity is supported by reports that the induction ofmucosal HDC activity in the colon by 12-o-tetradecanoylphorbol-I 3-acetate is associated with an increased mucosal ODC activity (35) . Furthermore, histamine has been shown to increase ODC activity in rat brain tissues (42) .
In the present experiment, we also measured the DAO activity in the mucosa of postischemic intestine. Histamine is degraded by two catabolizing enzymes, DAO and histamine-Nmethyltransferase, and both enzymes are present in the rat small intestine (36) . DAO activity is mainly located in rat villus tip cells (37) , consequently DAO activity has been used as an index of number of mature enterocytes in the small bowel (23, 43) . In our study, DAO activity did not change after I/R. This observation indicates that the number of mature enterocytes was not altered in response to I/R. Kusche et al. (44) demonstrated that DAO activity in rabbit small intestine decreased by 60% after 90 min occlusion of the SMA. Furthermore, they found that the survival of rabbits after I/R was dependent on DAO activity in intestine because inhibition of the enzyme by aminoguanidine markedly reduced the survival period after I/R. They therefore concluded that removal of circulating histamine by DAO protects the small intestine after I/R. Our results and the findings of Kusche et al. (44) are not mutually exclusive and may easily be reconciled by the following explanation. With severe ischemia, circulating histamine released from mast cells is markedly increased and the beneficial actions of the autacoid are outweighed by its undesirable side effects. Thus, DAO activity plays a more important role when small bowel is subjected to severe and/or prolonged periods of ischemia. In contrast, mucosal histamine increases as a result of increased HDC activity with mild ischemia. The increase in histamine concentration is actually beneficial to the animal because it facilitates healing of the injured mucosa. The fact that lymphatic output of RMCP II (a major product of rat mucosal mast cell [29, 31, 32] ) did not increase after I/R suggests that the increase in lymphatic histamine after I/R in our study was not a result of the degranulation of mucosal mast cells, i.e., the histamine was derived from non-mast cells.
In conclusion, based upon circumstantial evidence already in the literature and the results ofthe present study, we propose that histamine and HDC play an important role in the mucosal repair that follows an ischemic insult, and that this effect is probably mediated, at least in part, by ODC.
